Introduction
The penod gene (per) was identified in a screen for Drosophila mehnogastet. mutants that influenced circadian rhythms [ 11. Three mutations were identified an arrhythmic allele, pero1; a long-period (about Circadian rhythms are scrutinized, almost defined, by three criteria. First, they persist under constant conditions (i.e. they 'free-run'), usually after a period of entrainment that consists of exposure to a cycling environmental stimulus within a 24 h period Secondly, they are sensitive to stimuli that indicate that the rhythms are not in synchrony with the cycling of the environment. For example, a pulse of light during the night will 'phase shift' the rhythms so that they are more in phase with the environmental cycles. For manay animals, their natural circadian periods are not exactly 24 h (circadian, from circa dies -about a day) and so are phase shifted each day by the amval of daylight near the end of the animal's subjective night. Thirdly, circadian rhythms are usually temperature compensated so that the period is nearly independent of the temperature. While this makes intuitive sense (the day is still 24 h in cold weather or warm), it is at present just another fact that the biochemistry must ultimately explain.
Drosophila locomotor activity rhythms conform well to all of these criteria as: (i) they free run under constant conditions; (ii) they can be phase shifted during subjective night and (iii) they show good temperature compensation [ 12-14]. They also can be viewed from the common perspective that circadian rhythms are generated by an interplay between three separate components: an input pathway (that is the route by which the clock communicates with the external environment), a clock or central oscillator, and an output pathway (' the hands of the clock'). In many ways, our attempts to interpret the recent observations concerning circadian fluctuations of per protein levels and per RNA levels are designed to understand how these fluctuations might fit with a role for the per gene product as part of one or more of these three components. They are also designed to shed light on where and how these three components might function and communicate with each other in
Drosophih.
The Despite the strong evidence that the gene is defined molecularly, the sequence analysis was disappointing in that a relative with a defined biochemical function was not uncovered. There was some indication that the per gene product might be related to proteoglycans [17, 24, 251, but this sug-gestion -based on some sequence similarity and some preliminary biochemical characterization of the per protein -needs more compelling support, as discussed in detail elsewhere [5] . Consequently, we are left for the moment to interpret experiments that examined features of the expression pattern of the per gene, where and when it is expressed [8, 9, 26,271.
Expression of the per gene was evident in a large number of cells and cell types in the adult visual system and brain [8, 91 . In the visual system, the photoreceptor cells, as well as a large number of small cells in the optic lobes, were well stained. Identification of the 'outer' photoreceptor cells (Rl-R6) has been more recently buttressed by the use of a mutant that eliminated these cells and eliminated this subset of the eye-specific staining [ 1 11. The small cells are likely to be glia, although this identification was tentative. Staining in these two locations appeared predominantly nuclear or perinuclear. A nuclear or perinuclear location is also consistent with the staining in many of the nonnervous system locations, particularly those of the gut and malpighian tubules, where these large nuclei are prominent. In the central brain there were also numerous glia-like cells that stained in a manner indistinguishable from what appeared to be morphologically identical cells in the visual system. There were also a number of neurons, and clusters of neurons, that stained positively. Strongest among these were the 'lateral neurons', a set of 12-20 neurons that are lateral to the protocerebral neuropil. Staining in these cells appeared predominantly cytoplasmic [ 91.
The first hint that some circadian cycling of the per gene products might be taking place was the observation that staining in the visual system fluctuated noticeably as a function of time. Staining at night was more prominent than staining during the day, which was barely detectable [9] . These staining fluctuations were also shown to free run, in that they persisted in constant darkness after exposing the flies to an entraining cycle of 12 h light/l2 h dark for 4-7 days. More recently [ 1 11, these observations have been confirmed and extended. All of the different cell types that stain in the fly head undergo similar oscillations in their staining intensity. Analyses of many time points revealed that there is only one peak and one trough per day, as expected for a circadian oscillation. Also, analysis of a p e 9 mutant strain during free run showed that these oscillations took place with an approximately 20 h period rather than the 24 h period normally observed in a wild-type background. Although the histochemical nature of the assay made it impossible to be certain that per protein levels were fluctuating, it seemed likely that the per gene product was in some way being influenced by the circadian clock.
Simultaneously with the more recent set of histochemical experiments, we set out to see if per mRNA levels might also cycle in heads [lo] . We were inspired to undertake these experiments for a number of reasons. First, per mRNA cycling would suggest that the per staining fluctuations are likely to be due to changes in per protein levels, i.e. if mRNA levels cycle it is less likely that the staining fluctuations are due to constant protein levels and fluctuations in the availability of antigen. Secondly, we were interested in developing a biochemical assay for cycling, one that would allow us to measure an amplitude that could be compared between different genotypes, and/or animals, maintained under different physiological conditions. Even if the histochemical cycling is due to a cycling in per protein levels, the arbitrary scale used to score the staining intensity might not correspond in a linear way to protein levels. Thirdly, it would suggest that there exists a link between per gene expression and the circadian clock.
The results were surprising and dramatic in that the abundance of per RNA isolated from wildtype adult heads fluctuated approximately 5-10 fold during a light-dark cycle [ 101. Despite the numerous unanswered questions, a relationship between the mRNA cycling, and protein cycling, and the behavioural fluctuations is indicated by experiments that assay cycling in different genotypes or under different environmental conditions [ 10, 1 13. In all cases in which comparisons can be easily made, the per RNA cycling and the per protein cycling responded in parallel and reflected the basic behavioural response. For example, the p d allele shifted aspects of the curves to earlier times for both protein and RNA (in both L:D and D:D), whereas strains that carry the perL allele manifested a low amplitude cycling of both the per protein cycling and the per RNA cycling (in L:D). Although the histochemical assay was not sensitive enough to detect a phase shift under these low amplitude conditions, the RNA assays showed the expected phase delay characteristic of the behavioural response [lo] .
Volume 19 Proteins of Unusual Sequence Composition
Independent of whether the per RNA fluctuations underlie the per protein changes, the mutant analyses make it virtually certain that the reverse is the case, namely that per protein levels and/or activities affect per mRNA cycling [ 101. This proposal is strongly buttressed by the p& and p& analyses referred to above. These two missense mutations both affect the nature of the RNA cycling [ 101. This result is most easily explained by postulating that the per gene product feedback regulates its own messenger RNA levels (Fig. 1) . This hypothesis is further strengthened by results that show that the p.1"' transcript fails to cycle (an important observation in its own right) and that cycling of this transcript can be restored by providing the fly with per gene activity from a transformed piece of DNA To address the relationship between per RNA cycling and per protein cycling, as well as to quantify the histochemical observations described above [9, 111, we have made use of per-b-galactosidase fusion genes. In contrast to the subjective analysis that resulted from the evaluation of staining intensities, we were able to monitor /3-galactosidase activity using a highly sensitive enzymic assay and to perform Western blots on protein extracts from adult heads. These results [28] 
Behavioural rhythms sequence) mirrored the histochemical cycling [9, But when all of the per coding sequence was replaced with P-galactosidase coding sequence, circadian cycling of the levels of this mRNA was observed, but no protein level fluctuations took place. These data indicated the presence of an additional regulatory mechanism that requires the presence of per amino acid sequence information and is necessary for per protein cycling. It is important to note that, like for the cycling of per transcripts originally reported [ 101, all cycling of the per-b-galactosidase fusion mRNA and protein was dependent on the presence of per gene activity, i.e.
no cycting was seen in an arrhythmic per" background. This suggests that, in addition to feedback regulating its own mRNA levels, the per protein also feedback regulates itself at a post-transcriptional level (Fig. 1 ). While we are unable to assign a biochemical mechanism(s) to this second feedback loop, our most conservative hypothesis is that the per protein acts to alter its own stability (rather than synthesis) as a function of circadian time.
We do not know whether the observed effect of per protein activity on RNA and protein cycling is direct or indirect. Nor do we know that it is a strictly intracellular phenomenon. The per protein activity may contribute to oscillator function in a specific tissue (where a putative central pacemaker resides) which indirectly influences per RNA and protein cycling in distant target tissues that may contain quasi-independent, but downstream oscillators. For example, and as previously suggested [8, 91, per cycling in the eye might reflect the presence of an independent oscillator in the visual system, driven by or at least connected to a putative central oscillator. By this reasoning, much of the observed per RNA (and protein) [25] , and that this gap-junction modulating activity is indirectly feedback regulated, by changing per protein levels as a function of time during the circadian cycle. As described above, some of these components in the pathway may even be clock-output components. If so, it would suggest that the distinction between clock output and clock function (the gears of the clock and the hands of the clock) may be difficult to define, if not moot. 
